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We report the results of a study of neutrino-carbon interactions at beam energies ranging between
few hundreds MeV and few tens of GeV, carried out within the framework of the impulse approx-
imation using a realistic spectral function. The contributions of quasi elastic scattering, resonance
production and deep inelastic scattering—consistently obtained, for first time, from a model based
on a realistic description of the nuclear ground state—are compared and analyzed.
PACS numbers: 13.15.+g, 25.30.Pt, 24.10.Cn
Over the past decade, the broad effort aimed at im-
proving the oversimplified description of neutrino-nucleus
interactions based on the Relativistic Fermi Gas Model
(RFGM), has led to the development of a number of
more advanced approaches, capable of providing a fairly
accurate description of part of the available data [1–
13]. Most existing studies are restricted to the charged-
current quasi-elastic (CCQE) sector, which makes the
dominant contribution to the neutrino-carbon cross sec-
tions measured by the MiniBooNE Collaboration using a
neutrino flux of mean energy 〈Eν〉 ∼ 800 MeV [14, 15].
However, the interpretation of the signals relevant to on-
going and future experiments at higher neutrino energies,
such as MINERνA [16], NOνA [17] and DUNE [18] re-
quires accurate predictions of the nuclear cross sections
in inelastic channels. For example, at Eν . 2 GeV, cor-
responding to the peak energy of the NOνA oscillated νe
events, the total cross section is expected to receive com-
parable contributions from CCQE, resonance production
and deep inelastic scattering (DIS) processes [17].
Theoretical calculations of the neutrino-nucleus cross
section involve three main elements—the target initial
and final states and the nuclear weak current—whose
consistent description in the broad kinematical region
corresponding to neutrino energies between few hundreds
MeV and few GeV poses severe difficulties. The initial
state can be safely modeled within the non relativistic ap-
proximation, independent of kinematics, whereas at large
momentum transfer q = k−k′, the same approximation
cannot be used to describe either the nuclear final state,
comprising at least one particle carrying momentum ∼ q,
or the nuclear current operator, which depends explicitly
on momentum transfer.
The impulse approximation (IA)—a detailed deriva-
tion of which can be found in Refs. [1, 19]—provides a
conceptual framework ideally suited to circumvent the
above problem. The main tenet underlying this scheme
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is that, at large momentum transfer, nuclear interactions
reduce to the incoherent sum of elementary processes in-
volving individual nucleons. As a consequence, nuclear
and weak interaction dynamics are decoupled, and—to
the extent to which the corresponding neutrino-nucleon
cross section can be measured using hydrogen and deu-
terium targets—the formalism based on the IA can be
used to describe neutrino-nucleus scattering in any chan-
nels.
In this Letter, we report the results of the first
comprehensive study of the neutrino-carbon cross sec-
tion—including CCQE interactions, resonance produc-
tion and DIS—carried out within the IA using a realistic
spectral function.
The differential cross section of the process
νµ +
12C→ µ− +X , (1)
in which a neutrino of four-momentum k = (Eν ,k) scat-
ters off a carbon nucleus producing a muon of four-
momentum k′ = (Eµ,k′), with the nuclear final state
being undetected, can be written in the form
d2σ
dΩµdEµ
=
G2F V
2
ud
16pi2
|k′|
|k| LµνW
µν
A , (2)
where Ωµ is the solid angle specified by the direction
of the vector k′, GF is the Fermi constant and Vud is
the element of the Cabibbo-Kobayashi-Maskawa (CKM)
matrix coupling u and d quarks.
The tensor Lµν is completely determined by lepton
kinematics, whereas the nuclear response to weak inter-
actions is described by the tensor
WµνA =
∑
X
〈0|JµA†|X〉 〈X|JνA|0〉 δ(4)(p0 + q − pX), (3)
where |0〉 and |X〉 denote the target ground state and the
hadronic final state, carrying four momenta p0 and pX ,
respectively, JµA is the nuclear weak current and the sum
is extended to all hadronic final states.
The formalism of IA is based on the factorization
ansatz, which amounts to replacing [1, 19]
|X〉 −→ |x,p〉 ⊗ |R,pR〉 , (4)
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2where |x,p〉 is the hadronic state produced at the elec-
tromagnetic vertex with momentum p, while |R,pR〉 de-
scribes the recoiling nucleus, carrying momentum pR.
It follows that Eq.(2) reduces to the simple and trans-
parent form
d2σIA
dΩµdEµ
=
∫
d3k dE P (k, E)
d2σνN
dΩµdEµ
, (5)
where the elementary νN cross section—written in
terms of five structure functions Wi—describes the in-
teraction between the incoming neutrino and a mov-
ing bound nucleon, while the nuclear spectral function
P (k, E)—trivially related to the imaginary part of the
two-point Green’s function [20, 21]—yields the probabil-
ity of removing a nucleon of momentum k from the target
ground state, leaving the residual nucleus with excitation
energy E.
Equation (5) clearly illustrates the potential of the for-
malism based on the factorization ansatz of Eq. (4). Be-
cause the spectral function is an intrinsic property of
the target ground state, it can be obtained from non
relativistic nuclear many-body theory, and employed to
carry out calculations of the nuclear cross section in any
channels, provided the corresponding ν-nucleon cross sec-
tion in vacuum is known. The elementary cross section
can be treated using the relativistic formalism without
any problems, nuclear medium effects being taken into
account through the replacement [19]
ω = Eν − Eµ → ω˜ = ω +MA − Ep − ER , (6)
whereMA is the target mass, while Ep and ER denote the
energies of the hadronic state produced at the neutrino
interaction vertex and of the recoiling nucleus, respec-
tively. Equation (6) allows to account for the fact that,
even though the weak interaction involves an individual
nucleon, a fraction of the energy transfer in the scatter-
ing process goes into excitation energy of the spectator
system.
In the CCQE channel, characterized by the absence of
pions in the final state, the relevant elementary interac-
tion process is
νµ + n→ µ− + p , (7)
and the nucleon structure functions—involving a δ-
function constraining the mass of the hadronic final state
to be equal to the proton mass, mp—can be written in
terms of the nucleon vector and axial-vector form factors.
The former have been accurately measured in electron-
proton and electron-deuteron experiments [22, 23], while
the latter is usually written in the dipole form
FA(Q
2) = gA
(
1 +Q2/M2A
)−2
, (8)
with Q2 = −(k − k′)2. The axial-vector coupling con-
stant, gA = − 1.2761+14−17, is known from neutron β-
decay [24], while the value of the axial mass is deter-
mined from elastic neutrino- and antineutrino-nucleon
scattering, charged pion electro-production off nucleons
and muon capture on the proton [25, 26].
The results reported in this Letter have been obtained
using the state-of-the-art parametrization of the vector
form factors of Ref. [23], and the dipole parametrization
of the axial-vector form factor with MA = 1.03 GeV.
Conceptually, the generalization to describe resonance
production, driven by elementary processes such as
νµ + p→ µ− + ∆++ → µ− + p+ pi+ , (9)
where ∆++ denotes the P33(1232) nucleon resonance,
only requires minor changes [2]. In this case, the νN cross
section involves the matrix elements of the weak current
describing the nucleon-resonance transitions. As a conse-
quence, the structure functions—which can still be writ-
ten in terms of phenomenological vector and axial-vector
form factors—depend on both Q2 and W 2, the squared
invariant mass of the state |x,p〉. In addition, the en-
ergy conserving δ-function is replaced by a Breit-Wigner
factor, accounting for the finite width of the resonance.
Besides the prominent P33(1232) state, providing the
largest contribution to the cross section, we have taken
into account the three isospin 1/2 states—D13(1520),
P11(1440), and S11(1535)—comprised in the so-called
second resonance region. The numerical results have
been obtained using the parametrization of the struc-
ture functions described in Refs [27–29]. Within this
approach, the vector form factors are constrained by
electroproduction data, while the axial couplings are ex-
tracted from the measured resonance decay rates, ex-
ploiting the Partially Conserved Axial Current (PCAC)
hypothesis.
From the observational point of view, Deep Inelastic
Scattering (DIS) is associated with hadronic final states
comprising more than one pion.
In principle, the three nucleon structure functions de-
termining the νN cross section in the DIS regime—W1,
W2 and W3—may be obtained combining measured neu-
trino and antineutrino scattering cross sections. How-
ever, as the available structure functions have been ex-
tracted from nuclear cross sections (see, e.g., Ref. [30]),
their use in ab initio theoretical studies, aimed at identi-
fying nuclear effects, entails obvious conceptual difficul-
ties.
An alternative approach, allowing to obtain the struc-
ture functions describing DIS on isolated nucleons, can be
developed within the conceptual framework of the quark-
parton model, exploiting the large database of accurate
DIS data collected using charged lepton beams and hy-
drogen and deuteron targets (see, e.g., Ref. [31]). Within
this scheme, the function F νN2 = ωW2, where W2 is the
structure function of an isoscalar nucleon, can be simply
related to the corresponding structure function extracted
3from electron scattering data, F eN2 through
1
F νN2 (Q
2, x) =
18
5
F eN2 (Q
2, x) , (10)
where x is the Bjorken scaling variable. In addition, the
relation
xF νN3 (Q
2, x) = x [ uv(Q
2, x) + dv(Q
2, x) ] , (11)
where F νN3 = ωW3 and uv and dv denote the valence
quark distributions, implies
xF νN3 (Q
2, x) = F eN2 (Q
2, x) (12)
− 2x [u(Q2, x) + d(Q2, x)] .
Using Eqs. (10)-(12) and the Callan-Gross relation [31],
linking F νN1 = mW1 to F
νN
2 , one can readily obtain all
the relevant weak structure functions from the existing
parametrizations of the measured electromagnetic struc-
ture function and of the antiquark distributions u and d
(see, e.g., Ref .[32]). Alternatively, the quark and anti-
quark distributions can be also used to obtain the struc-
ture function F eN2 from
F eN2 (Q
2, x) = x
5
18
[ u(Q2, x) + u(Q2, x)
+ d(Q2, x) + d(Q2, x) ] . (13)
In this work, we have used Eqs.(10)-(13) and the par-
ton distributions of Ref. [32], which are available for
Q2 ≥ Q2min = 0.8 GeV2. At lower values of Q2,
we have assumed the parton distributions to be the same
as at Q2 = Q2min.
Note that the above procedure rests on the tenet, un-
derlying the IA scheme, that the elementary neutrino-
nucleon interaction is not affected by the presence of the
nuclear medium, the effects of which are accounted for
with the substitution of Eq.(6). While this assumption is
strongly supported by electron-nucleus scattering data in
the quasi elastic channel, showing no evidence of medium
modifications of the nucleon vector form factors, it has to
be mentioned that analyses of neutrino DIS data are of-
ten carried out within a conceptually different approach,
allowing for medium modifications of either the nucleon
structure functions [33, 34], or of the parton distributions
entering their definitions [35].
The results of calculations of the electron-nucleus cross
sections have provided ample evidence that the approach
based on IA and the spectral function formalism, involv-
ing no adjustable parameters, is capable to deliver a quan-
titative description of the double-differential electron-
nucleus cross sections—measured at fixed beam energy
and electron scattering angle—in both the qualsielastic
1 For the sake of simplicity, here, and in what follows, we will
ignore the contributions of s and c quarks.
FIG. 1. Double-differential cross section of the scattering
process νµ +
12C → µ− + X at fixed muon emission angle
θµ = 30 deg, and beam energies Eν = 1 GeV (A) and 1.5 GeV
(B), displayed as a function of ω = Eν − Eµ. The dashed,
dot-dash and dotted lines correspond to CCQE scattering,
resonance production and DIS, respectively. The sum of the
three contributions is represented by the full line.
and inelastic sectors [36, 37]. Figure 1 shows the results
of the extension of these analyses to the case of neutrino-
carbon interactions. The calculations have been carried
out using the spectral function of Ref. [37] and setting
the muon emission angle to θµ = 30 deg. Comparison
between panels (A) and (B), corresponding to Eν = 1
and 1.5 GeV, respectively, illustrates how the relative
weight of the different reaction mechanisms changes with
increasing neutrino energy.
The Q2-distributions, obtained from the double-
differential cross section of Fig. 2 by integrating over
cos θµ, are displayed in Fig. 2. At both Eν = 1 and 1.5
GeV, the full dσ/dQ2, corresponding to the solid line,
exhibits a pronounced maximum at Q2 . 0.2 GeV2.
Finally, integration over Q2 yields the total cross sec-
tion, σ, whose behavior as a function of the neutrino en-
ergy Eν is illustrated in Fig. 3. Panels (B) and (A) show
σ and the ratio σ/Eν , respectively, as well as the con-
tributions corresponding to the CCQE, resonance pro-
duction, and DIS channels. It is apparent that, while at
Eν . 0.8 GeV CCQE interactions dominate, the inelastic
cross section rapidly increases with energy. At Eν ≈ 1.3
GeV, the contributions arising from the three reaction
channels turn out to be about the same.
For comparison, in panel (B) we also report, as di-
amonds, the νµ-carbon total cross section measured by
the NOMAD collaboration [38]. It turns out that, while
4FIG. 2. Q2-distribution of the process νµ +
12C → µ−+X at
fixed neutrino energy Eν = 1 Gev (A) and 1.5 GeV (B). The
meaning of the lines is the same as in Fig. 1.
the energy-dependence of the data at Eν & 10 GeV is
well reproduced by our prediction of the DIS contribu-
tion, represented by the dotted line, the results of the
full calculation, corresponding to the solid line, sizably
exceed the measured cross section. In view of the fact
that the CCQE cross section obtained from the NOMAD
data of Ref. [39], shown by the open squares, turns out
to be in close agreement with the results of our calcula-
tions, this discrepancy is likely to be ascribed to double
counting between resonance production and DIS contri-
butions, which are very hard to identify in a truly model
independent fashion.
In conclusion, we have carried out a calculation based
on the IA and the spectral function formalism, in which
the contributions of CCQE processes, resonance produc-
tion and DIS are taken into account, for the first time,
in a fully consistent fashion. The present implementa-
tion of the factorization scheme does not take into ac-
count the occurrence of processes involving more than
one nucleon—such as those in which the neutrino couples
to nuclear Meson-Exchange-Currents (MEC)—as well as
final state interactions (FSI) between the nucleon par-
ticipating in the weak interaction process and the spec-
tator particles. The inclusion of MEC contributions
to the neutrino-nucleus cross section is believed to be
needed to explain the flux-integrated double-differential
cross section measured by the MiniBooNE collabora-
tion [7, 10, 13], while the understanding of FSI is re-
quired, e.g., to determine the nuclear transparency to
the hadrons produced at the interactions vertex [40].
FIG. 3. Total cross section of the reaction νµ+
12C → µ−+X
as a function of neutrino energy. The dashed, dot-dash and
dotted lines of panel (A) represent the contributions of CCQE,
resonance production and DIS processes. Panel (B) shows the
Eν-dependence of the ratio σ/Eν . The meaning of the dashed,
dot-dash and dotted lines is the same as in panel (A). The
full line corresponds to the sum of the three contributions.
Diamonds and squares represent the data of Refs.[38, 39],
respectively.
Theoretical studies of the electron-carbon cross section
provide convincing evidence that MEC contributions can
be consistently included in the spectral function formal-
ism, through a generalization of the factorization ansatz
[41, 42], while FSI corrections in the quasi elastic channel
are understood at quantitative level [43, 44]. Note, how-
ever, that FSI do not affect the CCQE total cross section
shown in Fig. 3.
The emerging picture suggests that the approach based
on spectral functions strongly constrained by both inclu-
sive and exclusive electron-nucleus scattering data, such
as those derived in Ref. [37], has the potential to describe
both elastic and inelastic neutrino-nucleus interactions
at the level of accuracy required to face the outstanding
challenges of neutrino physics.
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